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Abstract
The results of twenty-year-long Galactic observations in neutrino radiation are summarized. Except
for the recording of a neutrino signal from the supernova SN 1987A, no Galactic bursts of collapse
neutrinos have been detected. An upper bound on the mean frequency of gravitational collapses in our
Galaxy was obtained, fcollapse(90%confidence) < 0.13yr
−1.
PACS numbers: 95.30.Cq, 95.55.Vj, 95.85.Ry, 97.60.Bw, 97.60.Ld
1 Introduction
In 1933, Wolfgang Pauli introduced a new neutral
particle of low or zero mass to save the law of con-
servation of energy in nuclear beta decays [1]. This
particle was experimentally observed only twenty–
five years later by Reines and Cowan [2]. The
interactions of neutrinos and their role in parti-
cle physics, astrophysics, and cosmology have been
studied with an increasing intensity ever since. The
discovered particle turned out to be so amazing that
it allowed one not only to study nuclear processes
on Earth and in its atmosphere but also to look into
stellar objects, because it is highly penetrating due
to the weakness of its interactions with matter.
Progress in theoretical and experimental research
has led to the development of many detectors de-
signed to search for and record terrestrial and ex-
traterrestrial neutrinos. Since the energy sources in
stars are nuclear reactions, they also emit neutri-
nos. A new line of research emerged — neutrino
astronomy. However, a constant flux of low–energy
neutrinos is very difficult to detect, as evidenced
by long–term experiments to study neutrino fluxes
from the Sun, the star closest to the Earth [3, 4, 5].
Back in 1934, Baade and Zwicky [6] suggested
the existence of neutron stars and came up with
the idea that these are formed during supernova
explosions. Thirty years later, in 1965, Zel’dovich
and Gusseinov [7] concluded that a short burst of
high–energy neutrinos could arise when matter is
neutronized in the gravitational core collapse of a
massive star. In the same year, Domogatsky and
Zatsepin [8] pointed out an experimental possibility
of searching for such neutrino bursts. In 1966, Col-
gate and White [9] surmised that neutrinos could
play a crucial role in supernova explosions. Almost
concurrently, the discovery of pulsars in the Crab
Nebula [10], which is the supernova remnant ob-
served by Chinese astronomers in 1054, and in Vela
[11] late in the fall of 1968 provided evidence for the
formation of neutron stars during supernova explo-
sions. Subsequent observations and data analysis
confirmed this conclusion and gave an insight into
the physical processes that underlie these phenom-
ena [12, 13].
In the succeeding years, both a theory for the fi-
nal stages of stellar evolution and experiments to
search for bursts of such collapse neutrinos were in-
tensively developed. The explosion of the super-
nova SN 1987A on February 23, 1987, was a special
milestone in the development of the two lines of re-
search.
The first experiments to search for neutrino
bursts from gravitational stellar core collapses were
begun in 1973 by Pennsylvania-Texas-Turin collab-
oration. These were three small water Cherenkov
facilities with target masses of about 20 t each
and with particle detection energy thresholds of 20
MeV: the first was at the Homestake Mine at a
depth of 4400 meters of water equivalent (m.w.e.)
[14], the second was at a mine in Ohayo at a depth
of 1800 m.w.e. [15], and the third was in the road
tunnel under Mont Blanc at a depth of 4270 m.w.e.
[16]. They did not work long, only a few years. Al-
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though no expected burst of collapse neutrinos was
detected, they made the first step on the long way
to 1987.
The Baksan underground scintillation telescope
(Northern Caucasus, Russia)[17], the LSD scintil-
lation facility under Mont Blanc (Italy) [18], the
scintillation detector at the salt mine in the town of
Artemovsk (Ukraine) [18], and the water Cherenkov
detectors Kamiokande II (Japan) [19] and IMB
(USA) [20] belong to the second generation of
collapse–neutrino detectors with target masses of
several hundred tons, which began their operation
in 1977—1980. The last two detectors were spe-
cially designed to search for proton decays, but they
proved to be incapable of recording collapse neutri-
nos.
Before 1987, the theoretical models for the late
evolutionary stages of massive stars were one–
dimensional calculations of spherically symmetric
nonmagnetic nonrotating configurations. The ba-
sic neutrino–radiation parameters expected during
the gravitational core collapse of a massive star
and the cooling of a newborn neutron star were
formulated: the total neutrino–radiation energy is
(2÷5) 1053erg, , the mean electron–neutrino energy
is (8÷ 12) MeV, the fraction of electron antineutri-
nos in the total radiation is (0.16 ÷ 0.25) and the
burst duration is (10÷ 20) s [21, 22, 23, 24].
The recording of a neutrino signal from a type–
II supernova exploded in the Large Magellanic
Cloud, a neighboring galaxy, by three facilities,
Kamiokande II [25], IMB [26], and the Baksan tele-
scope [27], on February 23, 1987, first confirmed
the basic ideas of the general theoretical pattern of
gravitational collapse with the formation of a neu-
tron star. At the same time, however, it raised
many questions both for theory and for experiment.
Observations of the expanding envelope of the su-
pernova remnant show that the explosion was asym-
metric, with an unusual shape of the remnant, with
matter mixing [28, 29], with an as yet undiscovered
pulsar [30] or with a candidate for a pulsar with
unusual properties [31, 32]. All of this led to rapid
progress in the theoretical modeling of processes
inside stars and in understanding the many pro-
cesses in core collapse and in the stellar envelope,
as well as to a complication of the collapse pattern
[33, 34, 35], particularly when rotation and strong
magnetic fields are included in the calculations [36].
However, not all of the questions have been an-
swered as yet. In particular, the stellar–envelope
ejection mechanism and, what is important for ex-
perimenters, the complete temporal structure of the
neutrino luminosity are still problems to be solved.
In addition, the general–relativity [37] and weak–
magnetism [38] effects, which have not yet been in-
cluded in the calculations and which may lead to
a higher neutrino luminosity, as well as a possible
nonzero neutrino mass, which would cause the neu-
trino spectra to change [39], are being discussed.
The development of methods for analyzing exper-
imental data with small statistics and using them
to study the neutrino signals recorded on February
23, 1987, by three facilities also led authors to con-
clude that the neutrino radiation has a more com-
plex temporal structure [40].
An important lesson drawn from the history
of experimental observation of the neutrino sig-
nal from SN 1987A is that the facilities capable of
recording collapse neutrinos improved and adjusted
their physical parameters and are combined into a
single network, SNEWS (SuperNova Early Warn-
ing System), to form a coincidence trigger for their
signals (when they appear) that will notify obser-
vatories of other types of radiation of the beginning
of supernova observations [41].
In addition, it became clear that detectors with
an even larger target mass sensitive to all types
of neutrino are required to reliably and completely
record the expected Galactic neutrino burst. This is
how the third–generation neutrino detectors with a
characteristic target mass of about 1 kt or higher
and with low event detection energy thresholds
(about 5 MeV) emerged. When a Galactic burst
of collapse neutrinos occurs, the most powerful of
these detectors will record over 8500 neutrinos of all
types (SuperKamiokande, the target mass is 32 kt
of water) [42], about 1000 neutrinos of all types in
the SNO detector with heavy and light water (the
total target mass is 2.4 kt) [43], and over 350 neu-
trinos of all types in the LVD scintillation detector
[44]. Apart from the long–operating LSD [18] and
MACRO [45] scintillation facilities, which will also
record about 100 or more Galactic neutrinos each,
the Amanda facility in the ice at the South Pole
in Antarctica [46] was included in the network of
collapse– neutrino observations in 1997. A number
of new detectors are also prepared to be launched
or are being designed [47].
Thus, of particular importance is the so unex-
pected phenomenon of a type–II or, possibly, type–
Ib/c supernova [48] in our Galaxy. At least seven
neutrino detectors, one of which is the Baksan un-
derground scintillation telescope, were prepared for
its recording.
2 The Baksan Underground
Scintillation Telescope
The Baksan underground scintillation telescope is
an instrument for a broad range of scientific re-
search, with one of its experiments being the search
for neutrino burst from supernova explosions. The
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Figure 1: A schematic view of the Baksan under-
ground scintillation telescope.
telescope is located in the Northern Caucasus, at
the foot of the Mount Elbrus, in the tunnel under
the Andyrchi Mountain at a depth of 850 m.w.e.. A
general view of the telescope is schematically shown
in Fig.1, and the facility is described in detail in [49].
Here, we briefly recall its basic parameters.
The telescope consists of 3150 standard detec-
tors. These detectors form a closed configuration
with two internal layers that comprise four vertical
planes and four horizontal planes. Each standard
detector is 70×70×30 3 in size, is filled with an or-
ganic CnH2n+2, (n ∼ 9) scintillator, and is viewed
by one photomultiplier with a photocathode diame-
ter of 15 cm. The total target mass is 330 t, and the
target mass enclosed in the three internal (starting
from the lower horizontal plane) layers is 130 t (1200
standard detectors). The charged–particle detec-
tion energy thresholds are 8 and 10 MeV for the
horizontal and vertical planes, respectively. The en-
ergy reference for standard–detector measurements
is the amplitude of the most probable energy release
when cosmic–ray muons pass through it (50 MeV).
Accordingly, the detector thresholds are given in
fractions of the amplitude of this energy release.
An intense burst of neutrinos of all types is ex-
pected during a type–II supernova explosion. How-
ever, the vast majority of the events recorded with
the Baksan telescope will be produced in inverse
beta–decay reactions,
ν¯e + p→ n+ e
+.
The contribution from the remaining types of neu-
trinos to the total recorded signal will be minor [49].
Since the telescope is located at a relatively small
depth, a special event–selection method is used
to significantly reduce the background from the
cosmic–ray muons that cross the facility in our
experiment. This methods is based on an enor-
mous energy difference between the muons and the
positrons formed from collapse electron antineutri-
nos. Passing through the telescope, the muons leave
a track from several triggered detectors, while the
positrons formed in a particular detector will lose
all of their energy almost entirely in this detector.
Thus, the main event–selection criterion in our pro-
gram, — one and only one detector from 3150, —
- implies the selection of single standard–detector
triggerings; i.e., at the program marker, data on the
state of all devices in the facility at the triggering
time of one and only one detector in it is written to
the online computer memory and then to storage.
As a result, the neutrino signal from a supernova
explosion on the facility will appear as a series of
events from singly triggered detectors during the
neutrino burst.
The count rate from single background events,
the statistical clumps of which can imitate the ex-
pected signal, was not constant with time at the be-
ginning of the experiment on the telescope, because
operations were continuously performed to remove
one or another background source, which caused a
continuous reduction in the total count rate of sin-
gle events. Figure 2 shows time variations in the
yearly mean count rate of single detector triggerings
summed over three internal planes (the lower and
the next two planes in Fig.1) in which 130 t of scin-
tillator are contained in 1200 detectors. The data
from this part of the facility, i.e., the total number of
single triggerings within a given time interval, act as
a trigger in the offline analysis of information from
the telescope: when an unusual signal was detected
in this part of the telescope (i.e., when the number
of events was larger than a given number), informa-
tion from the entire facility was analyzed offline.
Figure 2 also indicates the time intervals when
the particle detection energy threshold on the tele-
scope was reduced. As we see from this figure,
the background after 1985, when the main oper-
ations to remove the strongest noise were finished,
was virtually constant within a certain detection
energy threshold. Its subsequent modest reduction
resulted from the continuous operations to improve
the physical parameters of the facility.
The time when the explosion of SN 1987A oc-
curred is shown in the same figure.
If the core of a massive star collapses at the
Galactic center to form a neutron star, then one
might expect over 50 events on the telescope from
the interactions of electron antineutrinos in the
130–t scintillator or over 100 events in the entire
telescope. The current information is analyzed by
the method of a 20–s–long time interval sliding from
event to event with the total threshold number of
events in the signal equal to 5. For detection of
a signal with a given or larger number of events,
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Figure 2: Time variations in the yearly mean count
rate of single triggerings of 1200 detectors in the
three telescope internal planes (the target mass is
130t). The particle detection energy thresholds in
different years are shown. The arrow indicates the
explosion of SN 1987A on February 23, 1987.
40 rather than 20 s of information with complete
data on each event (coordinates on the telescope,
time, energy amplitude, the number of detector
triggerings in the signal over the current day, and
photomultiplier–pulse duration) is analyzed. A sig-
nal would be considered to be a serious candidate
for collapse detection if nine or more events were ob-
served for 20 s in the telescope target mass of 130 t
(internal layers). No such signal was detected over
the entire period of observations with the telescope.
The telescope was constructed late in 1977. How-
ever, the physical experiments began later, because
it took time for us to figure out how the instru-
ment behaved. The facility has been operating
almost continuously under the program of search
for collapse neutrinos (the program was called Col-
lapse) since the mid–1980. One maintenance day
per week, when the necessary repair and mainte-
nance operations are performed on the facility, and
the emergency situations of seasonal power cuts or
online computer replacement constitute an excep-
tion. So, the total time of Galactic observation ac-
counts for 90% of the calender time.
Thus, information from the telescope was accu-
mulated under the program of search for collapse
neutrinos, but there was no expected neutrino sig-
nal. The history of detecting the neutrino signal
from SN 1987A in the Baksan data and the related
dramatic searches for the cause of the then unex-
pected clock error have long been published [28, 49].
A new clock with a self–contained power supply has
been in operation since February 1988, providing a
1–ms accuracy of determining the absolute time.
3 Results of the Observations
When the Baksan experiment to search for collapse
neutrinos began, the frequency of expected signals
was of great importance. Observations of histori-
cal supernovae in our Galaxy, supernovae in other
galaxies, stellar statistics, pulsar statistics, and even
the thermoluminescence of samples of bottom sed-
iments were used in the literature to determine the
time interval between events in which supernovae,
neutron stars, or black holes were expected to be
formed.
At that time, the most optimistic estimate of this
interval was obtained from an analysis based on ob-
servations of 149 pulsars, which predicted the birth
of one pulsar approximately every six years [50].
Although a later reanalysis of the pulsar birth rate
yielded a different estimate of this interval, about
30 years [51], we still hoped for a positive result
at the beginning of our experiment, especially since
the last supernova was observed on Earth 400 years
ago.
Another optimistic result was obtained by ana-
lyzing stellar statistics: when calculating the total
star death rate with the ultimate formation of pul-
sars, black holes, supernovae, and any other pos-
sibilities, except white dwarf, the interval between
such events was found to be 9+2
−3 years [52]. The
estimates for the rate of type–II supernovae in our
Galaxy by other authors give a large spread in the
predictions of its mean value. This appears to be
attributable to a large number of assumptions used
and approximations, for example, about the lumi-
nosity of the Galaxy [53], its morphological type
[54], the initial mass function [55], the fraction of de-
tected pulsars [56], and many others [57, 58, 59, 60].
Subsequently, the relationships between super-
nova statistics and galactic evolution were analyzed
and it was concluded that the supernova rates were
functions of cosmic time [61, 62]. In addition, a
study of the light curves for SNe Ib/c showed them
to be similar to the light curves for type–II super-
novae [48], led one to conclude that the SN Ib/c
progenitor was a massive star, and suggested that
neutron stars could also be formed during their ex-
plosions.
Recent estimates of the supernova rate from stel-
lar statistics show that the following number of such
events may be expected in our Galaxy [63, 64]: 2+1
−1
for SNe Ib/c and 12+6
−6 for SNe II in 1000 years. Re-
cently, however, the same authors improved these
Galactic values [65]: 1.5+1.0
−1.0 for SNe II + Ib/c in
100 years or about one supernova with the forma-
tion of a neutron star every 50 years. The latter
value is almost equal to this interval previously es-
timated to be 10—50 years [66] when the above pos-
sible sources of discrepancies are taken into account.
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In general, it is clear that the sought–for rate esti-
mated from stellar statistics lies within the range
10−2 − 3 · 10−2 per year or with a mean estimate
of the interval between supernovae equal to 47+12
−12
years [67].
In recent years, it has been found from the statis-
tics of pulsars that they are formed, on average,
once every 60–330 years [68], although it is still un-
clear in what systems the pulsars of a particular
class are born [69, 70].
Thus, recent estimates for the rates of supernova
explosions and pulsar formation lead us to conclude
that this event is rare and that the spread in esti-
mates is large. Therefore, it becomes all the more
necessary to obtain the result from direct observa-
tions of these events with neutrino detectors.
The Baksan telescope has been observing the
Galaxy since June 30, 1980. Because of all the op-
erations performed to increase its sensitivity to the
expected burst of collapse neutrinos, the telescope
views the entire Galaxy [49]. The calendar time
of the Collapse experiment is 19.75 years, while the
total live observing time is 17.6 years. No signal, ex-
cept SN 1987A in the Large Magellanic Cloud, that
could be reliably interpreted as a burst of Galactic
electron antineutrinos was detected with the facility
over this period.
An upper bound on the mean frequency of grav-
itational collapses in the Galaxy can be obtained
from the observing time. If we denote the mean
frequency of collapses by fcollapse and if we assume
that, first, their frequency (as rare events) obeys the
Poisson law and, second, the probability of missing
the signal is less than 10 % at 90 % confidence, then
we derive the following inequality for the total live
observing time T = 17.6 years:
e−fcollapseT < 0.1,
whose solution forfcollapse yields a bound on the
frequency of collapses in the Galaxy,
fcollapse(90%confidence) < 0.13yr
−1.
Hence, the mean time interval ∆Tcollapse between
the expected Galactic events exceeds
∆Tcollapse(90%confidence) > 7.7years.
Thus, the first twenty years on the path to de-
tecting the first neutrino burst in our Galaxy have
been traversed, although this may prove to be only
a small part of the required path.
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